The aim of the present study was to establish an in vitro Kleefstra syndrome (KS) disease model using the human induced pluripotent stem cell (hiPSC) technology. Previously, an autism spectrum disorder (ASD) patient with Kleefstra syndrome (KS-ASD) carrying a deleterious premature termination codon mutation in the EHMT1 gene was identified. Patient specific hiPSCs generated from peripheral blood mononuclear cells of the KS-ASD patient were differentiated into post-mitotic cortical neurons. Lower levels of EHMT1 mRNA as well as protein expression were confirmed in these cells. Morphological analysis on neuronal cells differentiated from the KS-ASD patient-derived hiPSC clones showed significantly shorter neurites and reduced arborization compared to cells generated from healthy controls. Moreover, density of dendritic protrusions of neuronal cells derived from KS-ASD hiPSCs was lower than that of control cells. Synaptic connections and spontaneous neuronal activity measured by live cell calcium imaging could be detected after 5 weeks of differentiation, when KS-ASD cells exhibited higher sensitivity of calcium responses to acetylcholine stimulation indicating a lower nicotinic cholinergic tone at baseline condition in KS-ASD cells. In addition, gene expression profiling of differentiated neuronal cells from the KS-ASD patient revealed higher expression of proliferation-related genes and lower mRNA levels of genes involved in neuronal maturation and migration. Our data demonstrate anomalous neuronal morphology, functional activity and gene expression in KS-ASD patient-specific hiPSC-derived neuronal cultures, which offers an in vitro system that contributes to a better understanding of KS and potentially other neurodevelopmental disorders including ASD.
INTRODUCTION
Reprogramming of somatic cells into induced pluripotent stem cells is a powerful new approach that makes previously impracticable in vitro disease modeling possible in the case of many human diseases. This statement is especially true for central nervous system disorders including Alzheimer's disease, amyotrophic lateral sclerosis, Parkinson's disease, schizophrenia and autism spectrum disorder. 1 With respect to autism spectrum disorder (ASD), there is a limited, nevertheless growing number of studies on both non-syndromic [2] [3] [4] [5] and syndromic forms of the disease. 6 Investigations using the human induced pluripotent stem cell (hiPSC) technique to model homogenous populations of syndromic autism with well-known, monogenic backgrounds have been done in Fragile X, Rett, Phelan-McDermid and Timothy syndromes. [7] [8] [9] [10] [11] These studies revealed that hiPSC-derived neuronal cultures could recapitulate some of the cellular phenotypes of the given syndrome, thus they were suggested to be valid disease models. 12, 13 Kleeftsra syndrome (KS; OMIM 610253) is a rare genetic disorder with an estimated frequency of 1:200 000 that may present with a clinical phenotype including developmental delay, intellectual disability of a varying degree, childhood hypotonia, epilepsy/ febrile seizures, distinctive facial features as well as anatomical (cardiac, renal, urogenital) abnormalities. 14, 15 Furthermore, a growing number (23-100%) of KS individuals with ASD is described, which can be largely attributable to improving ASD identification procedures. 16, 17 In addition, brain white matter development may also be abnormal in Kleefstra patients suggestive of a disordered connectivity. [18] [19] [20] The syndrome is caused by haploinsufficiency of the euchromatic histone lysine methyltransferase 1 (EHMT1) gene with a likely complete penetrance. Mutations causing this disorder are micro-deletions of chromosome 9q34.3 in 75-85% of the subjects; the remaining cases carry various heterozygous intragenic EHMT1 variants. 15, 21 This histone methyltransferase catalyzes mono (H3K9me1) and dimethylation (H3K9me2) at Lys-9 position of histone H3, 22 thereby it epigenetically regulates gene expression through chromatin remodeling and seems to play an important role in neurodevelopment. [23] [24] [25] Previously, we reported a KS case with a de novo singlenucleotide variant (SNV) resulting in a premature termination codon in the EHMT1 gene. 16 The patient was also diagnosed with ASD, however, the de novo EHMT1 SNV, could not explain the autistic phenotype of further family members. 16 In order to study the effect of the pathogenic EHMT1 mutation on neurodevelopment, in the present study we set out to establish a patientderived (hiPSC) neuronal culture model of KS. To this end, 1 Pharmacology and Drug Safety Research, Gedeon Richter Plc., Budapest, Hungary; peripheral mononuclear blood cells (PMBCs) of the patient and two unrelated control subjects were utilized to produce hiPSC clones. 26 Since many ASD and KS symptoms are related to forebrain cortical function 27 and glutamatergic neurons are instrumental to correct functioning of the cortex, 28 hiPSCs were differentiated into functionally active forebrain cortical glutamatergic cells by employing a dual SMAD inhibition protocol. [29] [30] [31] Neuronal development was assessed by investigating neurite morphology and dendritic protrusions as well as functional activity of the neuronal cells. By extrapolating results from this single case, this in vitro system may shed light on basic underlying mechanisms of brain developmental abnormalities in KS and potentially other neurodevelopmental disorders including idiopathic ASD.
MATERIALS AND METHODS

Subject characterization
Detailed characterization of the KS-ASD patient was reported previously. 16 Briefly, the female KS-ASD subject (aged 12 years at the time of blood sampling) was selected from the clinical sample of the Autism Foundation's Outpatient Clinic, Budapest, Hungary. The study was approved by the Research-Ethics Committee of Heim Pál Childrens' Hospital (permission number KUT-83/2013). Written informed consent had been obtained from the legal guardians before the subject entered the study. In agreement with the common KS clinical phenotype, the subject was characterized by developmental delay, childhood hypotonia, behavioral and psychiatric disorders as well as various facial features, while epilepsy or intellectual disability could not be identified. The child met diagnostic criteria of autism spectrum disorder (DSM-IV-TR; 32, 33 and Autism Diagnostic Interview Revised (ADI-R) 34 ). Detailed diagnostic results were previously published in detail. 16 In short, the KS-ASD subject was found moderately ill; social functions, stereotyped and adaptive behaviors were moderately affected while communication and daily functioning showed only mild impairments. ADI-R social, communication and repetitive behaviors diagnostic scores for were 12, 17 and 4, respectively. The patient was diagnosed with a de novo premature termination codon (PTC) resulting in haploinsufficient EHMT1 gene expression and presented characteristic symptoms of KS. 16 Two unrelated healthy control subjects (CTL1 and CTL2) were used as controls with negative autism diagnosis based on the assessment of ADOS and ADI-R. The two controls were both young adults, 35 Caucasians and represented both the male and female sex.
hiPSC derivation and neural differentiation hiPSCs were obtained by reprogramming PBMCs of the subjects with a non-integrative method as described previously. 26 In addition to the previously established two hiPSC lines from the KS-ASD patient (KS-ASD S2, S4), two hiPSC lines from each control (CTL1 S11, S16 and CTL2 S5, S9) were also generated, selected and characterised with similar methodology, as in the case of the KS-ASD patient. Full characterization (pluripotency, differentiation into the three germ layers, absence of Sendai-virus expression as well as karyotyping) of a KS-ASD patient-derived hiPSC line was published previously. 26 All hiPSC lines were maintained on matrigel (BD Biosciences, San Jose, CA, USA) in mTESR1 (Stemcell Technologies, Vancouver, BC, Canada) culture medium. To obtain neural progenitor cells (NPCs) mTESR1 medium was replaced with neuronal induction medium (NIM) (1:1 mixture of DMEM/F12 and Neurobasal medium supplemented with 1% Penicillin/Streptomycin, 1% NEAA, 1% N2, 2% B27, 100 μM 2-ME, 1% glutamine; all from Thermo Fisher Scientific (Waltham, MA, USA), supplemented with 5 ng/ml bFGF (Thermo Fisher Scientific) on a confluent hiPSC plate (one well of a 6-well plate). After one day of culturing, cells were passaged 1:1 with Accutase (3 min) and plated onto poly-L-ornithine (Sigma-Aldrich, St. Louis, MO, USA) and laminin (Roche Diagnostics, Mannheim, Germany) (POL/L) coated dishes in NIM medium supplemented with 5 μg ml − 1 insulin (Sigma-Aldrich), 500 ng ml − 1 Noggin (R&D Systems, Minneapolis, MN, USA) and 10 μM SB431542 (Sigma-Aldrich). To increase cell viability, 10 μM Rock Inhibitor (Y27632; Sigma-Aldrich) was also added to the medium for the first 24 h. Fresh culture medium was given to the cells daily for 9 days, then the formed neuroepithelial cell layer was dissociated with Trypsin-EDTA solution (Sigma-Aldrich) and cells were replated into laminin coated dishes in NIM medium supplemented with 10 ng ml − 1 bFGF and 10 ng ml − 1 EGF (Promokine, Heidelberg, Germany).
After 5-7 days, the formed neuronal rosettes were picked manually and were further cultured. After characterization of the obtained NPCs, cells were frozen in a medium containing 10% dimethyl sulfoxide and 90% FBS (Sigma-Aldrich) and were stored in liquid nitrogen until used. For generation of post-mitotic neural cells (forebrain glutamatergic neurons), NPCs were cultured in neural maintenance medium (NMM; 1:1 mixture of DMEM/F-12 and Neurobasal media supplemented with 1% N2, 2% B27, 1% NEAA, 1% Antibiotic Antimycotic Solution (Sigma-Aldrich), 25 μM 2-ME) supplemented with 10 ng ml − 1 bFGF (Thermo Fisher Scientific) and 10 ng ml − 1 EGF on POL/L substrate. Upon confluence, the NPCs were seeded into POL/L-treated dishes containing neuronal differentiation medium (1:1 mixture of DMEM/F-12 and Neurobasal media, 1% N2, 2% B27, 1% NEAA, 1% Antibiotic Antimycotic Solution, 25 μM 2-ME) supplemented with 10 ng ml − 1 BDNF (Promokine) and 10 ng ml − 1 GDNF (Promokine). Neuronal cells were maintained for up to 8 weeks with half medium change performed every 2-3 days. For neurite morphology, the cells were plated with 10 000 cells per cm 2 , while for other applications the cells were seeded with 20 000 cells per cm 2 cell density.
Immunostaining and image analysis Cells were fixed with 4% paraformaldehyde (PFA; Sigma-Aldrich) and were permeabilized with 0.2% Triton X 100 in PBS for 5 min then treated with blocking solution (BS; 2% BSA and 0.2% Triton X 100 in PBS) for 1 h at room temperature (RT). Samples were incubated with primary antibodies: anti-NESTIN antibody (Merck-Millipore, Billerica, MA, USA), anti-PAX6 antibody (BioLegend), anti-SOX1 antibody (R&D Systems), anti-MAP2, anti-Synapsin1, anti-NF200 antibodies (Abcam, Cambridge, UK), anti-TUJ antibody (Santa Cruz, Santa Cruz, CA, USA), anti-TAU antibody (Dako, Glostrup, Denmark), anti-vGLUT1/2 antibody (Synaptic Systems, Göttingen, Germany) in BS for 3 h (RT), then with secondary antibodies (Thermo Fisher Scientific) for 1.5 h. Nuclei were stained with DAPI (1 μg ml − 1 , SigmaAldrich). For analysis of dendritic protrusions, high resolution confocal images were taken with an iMic confocal microscope (FEI, Hillsboro, OR, USA) using an oil immersion × 60 objective. Segments connected to the neurites and longer than 1 μm were defined as dendritic protrusions and were counted blindly in 40 pictures of each sample. Since abnormal dendritic development has been earlier reported in EHMT1 knockout mice 24 and Drosophila, 36 gross neurite morphology was investigated. For analyzing neurite morphology, images were acquired with an Operetta high content screening system (PerkinElmer, Waltham, MA, USA) using × 40 magnification. Image acquisition was carried out with a Harmony 3.5 software (Waltham, MA, USA) using excitation/emission filters of 380-/445 nm and 630/705 nm for DAPI and MAP2/A633, respectively. First, cell nuclei were determined in the DAPI channel, then MAP2-positive cells were selected and analyzed for neurite morphology using the neurite tracing algorithm (CSIRO Neurite Analysis 2 formula of Harmony 3.5.2 Find Neurite plug-in; CSIRO Data61, Epping, VIC, Australia). Segments thicker than 2 μm, longer than 25 μm and connected to the soma were quantified. Neurite parameters were calculated from a minimum of 180 fields of view per samples. Data from at least three independent biological replicates from each cell line were collected, pooled by subjects and compared in pairs (KS-ASD vs CTL1 or CTL2) for statistical significance applying Mann-Whitney test. Graphs and error bars represent mean and S.E.M., respectively.
Electron microscopy
Cells terminally differentiated for 5 weeks were fixed with a solution containing 3.2% PFA, 0.2% glutaraldehyde, 1% sucrose, 40 mM CaCl 2 in 0.1 M cacodylate buffer (Sigma-Aldrich) for 24 h at 4°C. After rinsing for 2 days in cacodylate buffer, samples were post fixed in 1% ferrocyanidereduced osmium tetroxide (Sigma-Aldrich; White et al., 1979) for 1 h (RT), treated with aqueous 1% uranyl-acetate (BDH Chemicals, Radnor, PA, USA) for 30 min, embedded in Spurr low viscosity epoxy resin medium (SigmaAldrich) and cured for 24 h at 80°C. Ultrathin sections were stained with Reynolds's lead citrate (Sigma-Aldrich) for 2 min and were examined in JEM 1010 transmission electron microscope (JEOL, Tokyo, Japan) operating at 60 kV. Photographs were taken using a Morada 11 megapixel camera with iTEM software (Olympus, Tokyo, Japan).
Merck-Millipore). Samples containing equal amounts of proteins (30 μg per lane) were subjected to SDS-PAGE (NuPAGE Novex Bis-Tris Gel; 4-12%; Thermo Fisher Scientific) and blotted onto PVDF membrane (MerckMillipore). After blocking with 5% w/v non-fat dry milk powder in 0.1% Tween 20 (Sigma-Aldrich), membranes were probed with antibodies specific for the N-terminal of the EHMT1 protein (ab135487, Abcam) and for GAPDH as control (Sigma-Aldrich). Signals were visualized with horseradish peroxidase-coupled anti-rabbit IgG antibody (Santa Cruz Biotechnology, Dallas, TX, USA) using ECL Plus Western Blot Detection System (GE Healthcare Europe, Freiburg, Germany). Intensity values were calculated using Image Studio Lite 5.2 software (LI-COR Biotechnology, Bad Homburg, Germany). Western blot analysis was performed on at least three independent biological replicates.
Electrophysiology
For whole-cell patch-clamp recordings, terminally differentiated hiPSCderived 8-week-old neuronal cultures grown on POL/L-treated coverslips were transferred to a recording chamber and superfused with an extracellular solution (140 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 5 mM HEPES, 5 mM HEPES-Na, 10 mM glucose; pH = 7.35; 310 mOsm; SigmaAldrich) at RT. Patch electrodes (resistance 3.5-4.5 MΩ) filled with an intracellular solution (80 mM KCl, 50 mM KF, 31 mM KOH, 5.3 mM CaCl 2 , 2 mM MgCl 2 , 4 mM ATP-Na 2 , 10 mM HEPES, 10 mM EGTA; pH = 7.25; 300 mOsm; Sigma-Aldrich) were used for detection of sodium and potassium currents evoked by 8 and 100 ms long rectangular step depolarizations from -80 mV to 0 mV holding potential, respectively. For recording and analysis, an Axopatch 200B amplifier and pClamp 9.0 software (Molecular Devices, Sunnyvale, CA, USA) were used. Whole-cell currents were filtered at 10 kHz and digitized at a sampling rate of 20 kHz (Digidata 1320A, Molecular Devices). To elicit GABA responses, 30 μM GABA (Sigma-Aldrich) was administered for 5 s, and low-pass filtered (1 kHz) currents were recorded at a holding potential of -80 mV. In current clamp mode currents were injected to keep the resting potential around − 60 mV and current steps (increments: 20 pA, n = 6, 500 ms) were applied to evoke action potentials. 1 μM tetrodotoxin (TTX; Latoxan, Portes-lès-Valence, France), 10 mM tertraethylammonium (TEA, Sigma-Aldrich) and 10 μM bicuculline (SigmaAldrich) were used to block sodium and potassium currents as well as GABA-evoked responses, respectively.
Live cell calcium imaging After 3, 5 or 8 weeks of terminal differentiation, hiPSC-derived neural cells were incubated with Calcium 6-QF indicator (Thermo Fisher Scientific) in Hank's balanced salt solution (HBSS: 137 mM NaCl, 5 mM KCl, 0.9 mM Mg 2 SO 4 , 1.4 mM CaCl 2 , 3 mM NaHCO 3 , 0.6 mM Na 2 HPO 4 , 0.4 mM KH 2 PO 4 , 20 mM HEPES, 5.6 mM glucose; pH 7.4; Sigma-Aldrich) for 2 h at 37°C. Fluorescence intensity of the dye excited at 488 nm in cell somas was measured using an iMic fluorescence microscope (FEI) equipped with a 10 × 0.4 NA objective (Olympus) and a 1.4 megapixel cooled CCD camera (Andor Technologies, Belfast, UK) by taking pictures at a frame rate of 5.2 frames/sec. After 90 s recording-when spontaneous activity was monitored -cells were stimulated with acetylcholine (0.1 mM) dissolved in HEPES-buffered salt solution (140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl 2 , 10 mM HEPES, 2 mM probenecid; pH 7.4; Sigma-Aldrich) and fluorescence intensity was recorded for a further 90 s. In case of glutamate (0.5 mM) stimulation, cells were incubated in presence of Fluo-4-AM calcium indicator (Thermo Fisher Scientific) in HBSS (45 min, at 37°C) and fluorescent signals were recorded as described previously. Signals were recorded and analyzed using a Live Acquisition software (FEI). ΔF/F 0 values were calculated as the ratio of the change in fluorescent intensity evoked by the compounds (ΔF) and the baseline fluorescence (F 0 ). The mean of the highest ΔF/F 0 values obtained during the 90-s observation period were collected from at least three biological replicates of KS-ASD and CTL1 cell lines, and were compared in pairs applying two-sample (Student's) t-test.
Measurement of mRNA expression
Total RNA was isolated with High Pure RNA Isolation Kit (Roche Diagnostics) from neural cells after 10 days of differentiation. Quality control of the obtained samples and calculation of their RNA concentrations were accomplished using a Bioanalyzer 2100 with RNA 6000 Nano Assay II kits (Agilent Technologies, Santa Clara, CA, USA). RNA samples (1 μg each) were reverse transcribed with SuperScript VILO cDNA Synthesis Kit (Thermo Fisher Scientific). EHMT1 transcript variant 1 and 2 were determined using TaqMan Gene Expression Assays Hs00964329_m1 and AIWR4AN, respectively (Thermo Fisher Scientific) with a LightCycler 2.0 real-time PCR (Roche Diagnostics). The positions of the primer pairs applied are shown in Supplementary Figure S3 . To reveal differences in gene expression of neuronal cells from the KS-ASD and control subjects, 197 ASD-related genes were selected (Supplementary Table S1 ) and quantified using custom-made 384-well TaqMan low-density array cards (Thermo Fisher Scientific) and an ABI PRISM 7900HT real-time PCR system (Thermo Fisher Scientific). To functionally categorize these genes DAVID Bioinformatics Resources was implemented, by which the significantly overrepresented Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) categories were determined (Supplementary Table  S1 ). Hits were validated in three biological replicates from each cell line using single TaqMan probes. Cycling conditions were used according to the manufacturer. Relative expression levels were calculated with the comparative C T method 37 and were normalized to the expression levels of the housekeeping genes GAPDH, GUSB and HPRT1. Mean mRNA levels of genes from KS-ASD patient-derived neural cells were compared to the levels obtained in case of the controls (CTL1 and CTL2). For statistical analysis, nonparametric Mann-Whitney test was used.
RESULTS
Neural differentiation of hiPSCs
Two hiPSC lines were established from PBMCs of the Kleefstra syndrome patient with autism (KS-ASD S2 and S4) using a nonintegrative Sendai-virus (SeV) delivery system. 26 Likewise, control hiPSC lines-each from unrelated neurotypical subjects (CTL1 S11, S16 and CTL2 S5, S9)-were also generated to unveil the possible morphological and functional differences. Similarly to those of the KS-ASD hiPSC lines, pluripotent characteristics of the control hiPSC lines were verified by detection of pluripotency-associated marker proteins (OCT4, NANOG, E-CADHERIN) and by demonstration of their ability to spontaneously differentiate towards the 3 germ layers (Supplementary Figure S1) . Neural precursor cells (NPCs) differentiated from hiPSCs of KS-ASD patient and both healthy controls expressed neural stem cell markers such as SOX1, PAX6 and NESTIN (Supplementary Figure S2) . Terminally differentiated neurons on day 35 of differentiation were positive for the neuron-specific tubulin TUJ1, the microtubule-associated proteins MAP2 and TAU, as well as for the axonal Neurofilament-200 (NF200) and the glutamatergic subtype specific marker VGLUT1/2 ( Figure 1) . Overall, hiPSC-derived neuronal cells were successfully generated.
Differentiated hiPSC-derived cells form active neuronal network in culture Following 8 weeks of post-mitotic neural differentiation, hiPSCderived neural cells expressed the presynaptic protein Synapsin1 (SYN1; Figure 2a ). The presence of functional synapses was verified by electron microscopic studies showing synaptic clefts and vesicles in presynaptic terminals (Figure 2d ). In agreement with these data, whole-cell patch-clamp recordings revealed depolarization-induced Na + and K + currents indicative of excitable cells. In addition, action potentials were also detected by current injection in a membrane potential-dependent manner. Furthermore, GABA application onto the cells was able to evoke currents supporting the observation that matured cells possessed several neuronal features (Figure 2b ). The average current amplitudes and action potentials were not different in cells from the KS-ASD patient and the healthy controls. Average GABA response, Na+ and K+ currents in 9-22-day-old CTL vs KS-ASD neurons were 508 ± 111 (n = 22) vs 509 ± 113 pA (n = 27), 1053 ± 156 (n = 35) vs 994 ± 183 pA (n = 33) and 469 ± 58 (n = 39) vs 495 ± 69 pA (n = 35), respectively. The number of action potentials in 5-week-old CTL and KS-ASD neurons in response to 500 ms long 40 pA current injection were 3.1 ± 0.6 (n = 15) and 2.8 ± 0.8 (n = 9), respectively. Live-cell calcium imaging experiments revealed that spontaneous activity arose as early as 3 weeks of differentiation and the Ca 2+ transients Gene expression profiling of KS-ASD and control cells Recently, a de novo mutation resulting in a premature termination codon (Trp1138Ter) in the euchromatic histone lysine methyltransferase 1 gene (EHMT1) of a KS-ASD patient was identified by targeted next-generation sequencing (NGS). 16 This mutation was shown to cause KS confirmed by the presence of a disorderspecific phenotype in the KS-ASD patient. Since the Trp1138Ter mutation possibly elicits nonsense-mediated mRNA decay causing decreased expression of EHMT1, we tested whether this mechanism was present in hiPSC-derived neuronal cells after 10 days of differentiation. We confirmed that mRNA level of the EHMT1 transcript variant 1 (NM_024757.4)-the variant carrying the mutation-was significantly lower in neuronal cells from the KS-ASD patient compared to both of the healthy controls (Figure 3a) . In contrast, expression of EHMT1 transcript variant 2 (NM_001145527.1)-a shorter variant, not affected by the mutation-was the same in all samples (schematic structures of the EHMT1 gene variants and positions of the primer pairs applied are shown in Supplementary Figure S3 ). In addition, western blot analysis revealed reduced EHMT1 protein level in the KS-ASD cells, further supporting the presumption of an impaired EHMT1 expression (Figure 3a) .
Since EHMT1 is known to be involved in epigenetic regulation of gene expression, we looked for possible alterations in gene expression profiles of KS-ASD patient-derived hiPSC neural cells. Altogether 197 target genes were selected from the SFARI database 38 (Gene Scoring Module category ⩽ 4) and from the literature based on their relevance to ASD. Using DAVID Bioinformatics Resources, we could evaluate the various Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) categories that the gene set encompassed. Based on the analysis, we ended up with a broad coverage of pathways related to development and function of the nervous system (Supplementary Table S1 ). The mRNA levels of the gene set were measured in hiPSC-derived neural cells of the KS-ASD patient and controls following 10 days of differentiation (Supplementary Table  S1 and Supplementary Figure S5 ). SIX3 and ARX homeobox genes involved in neural progenitor cell proliferation have been found to be upregulated in the neuronal cells derived from the KS-ASD patient (Figure 3b ). CUX2, a homeobox gene related to neural specification, SHANK1, a gene involved in the structural and functional organization of dendritic spines and synaptic junctions, MDGA1, a gene important for neuronal migration, and HCN1 and HCN2, genes regulating firing properties of the neurons were downregulated in the patient-derived neurons. In conclusion, disease-specific expression of ASD-related genes could be observed in the KS-ASD neuronal cultures.
Impaired neurite development in hiPSC-derived neurons of KS-ASD patient To further investigate the effect of EHMT1 haploinsufficiency on neural development, the hiPSC lines from the KS-ASD patient (KS-ASD clones S2 and S4) and from the neurotypical CTL1 (CTL1 clones S11 and S16) and CTL2 (CTL2 clones S5 and S9) subjects were terminally differentiated for 10 days, and immunostained for the neuronal marker MAP2. Morphology of the labeled cells was evaluated using an automated image analysis method quantifying the following parameters: number of MAP2-positive cells (neuronal cell number); total length of all neurites (total neurite length); length of the longest neurite of each cell (maximum neurite Figure 4b , significantly more MAP2-labeled cells were found in the KS-ASD cultures than in the controls. On the other hand, KS-ASD-derived neuronal cells had significantly fewer roots and shorter neurites with fewer branches compared to both controls (Figure 4b ). In case of the KS-ASD patient and CTL2 subject, there were no differences in these parameters when the individual cell lines of each subject were compared (KS-ASD S2 vs S4 and CTL2 S5 vs S9), but one of the CTL1 cell lines (CTL1 S11) had significantly longer neurites with more abundant arborization compared to CTL1 S16 (Supplementary Figure S4) . This variation in morphology of the CTL1 cell lines made KS-ASD more distinct from CTL1 than from CTL2.
Since the dendritic spine is a crucial component of chemical synapses and therefore imperative for interneuronal communication, we analyzed the number and length of developing protrusions on neurites after 10 days of differentiation. While the mean length of protrusions did not differ significantly, density of protrusions was significantly lower in the KS-ASD samples compared to the controls (Figure 4c ). In conclusion, KS-ASD-derived neurons displayed increased proliferation and impaired neurite morphology.
Altered calcium transients in hiPSC-derived neurons of KS-ASD patient To understand whether hiPSC-derived neuronal cells express functional ionotropic receptors, neurotransmitter induced functional responses were examined at the single-cell level using fluorescence calcium imaging techniques. Topical application of glutamate and acetylcholine evoked calcium transients in almost 40% of the cells after 8 weeks of differentiation (Figure 5b ). To compare functional activity of neuronal cells from KS-ASD and control samples, calcium signals of at least 20, randomly chosen responding cells from each sample were plotted and were analyzed for the maximal fluorescence intensity ( Figure 5 ). While glutamate-evoked responses were similar in neuronal cells from the KS-ASD and the CTL1 control samples, acetylcholine evoked significantly higher responses in KS-ASD patient-derived neuronal cells compared to CTL neurons (Figure 5c ). In the latter case, calcium transients were reduced to 12 ± 2% (CTL1) and 16 ± 6% (KS-ASD) of the maximal response by the nicotinic acetylcholine receptor (nAChR) antagonist mecamylamine demonstrating that the calcium transients were evoked due to nAChR activation. From these results we can conclude that KS-ASD hiPSC-derived neurons are more sensitive to cholinergic pulses. DISCUSSION ASD pathogenesis is yet to be resolved nevertheless, an attractive explanation for the disease is the atypical development of brain connectivity. 39 Supporting this idea, it is quite well documented in the literature that there is a maldevelopment of both long-and short-range connections in the autistic brain. Some examples of this abnormal long-range connectivity development include the thinning of the corpus callosum, the internal capsule, the fornices as well as the cerebellar white matter. [40] [41] [42] [43] Local connectivity problems have also been identified in idiopathic ASD and neurodevelopmental syndromes as well as in various ASD mouse models. 44 Connectivity problems are not only present in idiopathic autism, but also in KS and its animal models. 18, 24, 36 Our results on the impaired neurite morphology in KS-ASD hiPSC-derived neuronal cultures are in agreement with the above structural findings of dendritic development in animal models. Furthermore, the morphological findings may also imply that white matter abnormalities in KS (such as corpus callosum agenesis or hypoplasia, periventricular leukomalacia, white matter reduction as well as generalized atrophy) could emerge from early malformation of interneuronal connections. Since similar morphological abnormalities have been described in hiPSC-based in vitro models of Fragile X syndrome 7, 45, 46 and idiopathic ASD, 2 compromised local and/or global connectivity patterns may very well be a shared underlying pathophysiological aspect of nonsyndromic forms of ASD as well as associated neurodevelopmental disorders such as Fragile X syndrome. One important hotspot of neural connectivity is the dendritic spine where most excitatory inputs make synaptic contacts. Defective pruning or initial overproduction of dendritic spines also contributes to local misconnectivity and synaptopathology in ASD. 47 Postmortem studies in human autism cases show that neocortical dendritic spine density is increased compared to neurotypicals. 48 In contrast, reduced spine density was observed in hiPSC-derived neurons of patients with Rett syndrome. 49 Although there is no anatomical evidence of impaired dendritic spine development in KS, EHMT1 heterozygous knockout mice have significantly reduced numbers of mature spines on hippocampal CA1 pyramidal neurons. 24 Reduced numbers of mature spines is paralleled by increased numbers of primordial dendritic protrusions that have been found in various animal models of ASD and human postmortem brains. 44 Thus, it seems that decreased number of dendritic filopodia may be a general feature of ASD reflected in its in vivo models, also captured on the neurites of our KS-ASD patient-derived neurons.
Underdeveloped neurite morphology and the reduced number of dendritic protrusions were also accompanied by altered functional activity of the cultured neurons. Functional properties of hiPSC-derived neurons were thoroughly investigated recently using several different methods (e.g., patch-clamp recording, calcium flux) to demonstrate the presence of various ion channels (e.g., sodium, potassium and calcium voltage-gated channels) and receptors (e.g., AMPA, NMDA, GABA and ACh) in these cells. 8, [50] [51] [52] [53] [54] [55] In this study, we showed that neuronal cells indeed expressed functional ion channels and receptors both in control and KS-ASD cells. In addition, after 7 weeks of differentiation, generation of spontaneous neuronal activity was detected in each sample reflecting the emergence of mature synapses between neurons. 8, 54, 56, 57 KS-ASD and control samples were identical in responding to glutamate challenge indicating the development of glutamatergic transmission was similar in the control and KS-ASD cultures. However, calcium signals following cholinergic pulses were higher in KS-ASD samples. This result suggests that development of the cholinergic system is impaired in the KS-ASD condition. Assuming that a higher cholinergic response reflects less acetylcholine because of the rapid desensitization of nicotinic receptors, 58 KS-ASD cultures might have a less pronounced cholinergic transmission at baseline that corresponds well with the impaired morphology observed earlier in development. Corroborating this assumption, the nicotinic antagonist mecamylamine was able to block the response suggesting that nicotinic acetylcholine receptors (nAChRs) play a key role in creating the calcium response in these cells. The role for both nAChRs and muscarinic AChRs has been well defined in hippocampal synaptic plasticity. 59, 60 It is also known that the timing of acetylcholine release and the subtype of receptor is critical for the type of plasticity induced. 61 Accordingly, the underdeveloped cholinergic transmission may entail some of the developmental deficits seen at the level of neurite morphology. Indeed, nAChRs can regulate the chloride transporter induction that is necessary for GABA to exert its central inhibitory role in neural networks. 62 It has also been shown that nAChRs contribute to the maturation of GABAergic synapses. 63, 64 Therefore, some of the morphological impairments, especially the malformation of spine genesis in neurites, could be explained by a weaker cholinergic system in the KS-ASD cells. Nevertheless, this putative pathomechanism needs further confirmatory experiments.
Morphological abnormalities detected in the KS-ASD neurons are supported by mRNA expression patterns of ASD-associated genes: higher expression of proliferation-related genes and lower transcript level of genes involved in neuronal migration and maturation were found in the KS-ASD versus control neurons. Induction of genes involved in proliferation have been already reported in other in vitro hiPSC-derived systems including neuronal progenitors, neurons and cerebral organoids generated from non-syndromic ASD subjects. 4, 5 While compromised neurite arborizations may be related to reduced expression of genes involved in maturation, the increased cell numbers in the KS-ASD cultures could be a consequence of increased expression of genes involved in proliferation. This latter finding is also of significance from a translational point of view, since in addition to the maldevelopment of white matter, an increased gray matter volume in most of the cerebral cortical regions is present during the first few years in children with autism. 65 This is most likely due to excessive proliferation as it was demonstrated in human postmortem studies [66] [67] [68] [69] as well as in preclinical ASD [70] [71] [72] [73] and KS models. 74 Modeling of ASD and its related neurodevelopmental disorders is a great challenge of today's neuroscience. The paucity of postmortem autistic brains, the non-availability of ex vivo neuronal tissue and the limitations of preclinical in vivo models are all obstacles on the avenue leading to useful in vitro ASD models. A relatively novel approach to obtain such models is the reprogramming of patient-derived cells and their differentiation into neurons. In the present study, we produced neuronal cells from a KS patient along with two healthy controls. The neuronal cultures showed distinctive phenotypical features that were in line in many aspects with the theoretical foundations of ASD and KS including compromised neurite morphology and decreased number of dendritic protrusions. Potential mechanisms that may lead to such phenotype include altered cholinergic transmission and misregulation of genes involved in neuronal proliferation, maturation and migration. As recapitulation of disease phenotype is an expected hallmark of a disease model with reasonable translational power, the present hiPSC-derived neuronal cultures possessing such properties represent a useful in vitro system that serves a better understanding of Kleefstra syndrome and autism.
